D-Glycerol 3-phosphate is closely related to the substrates of triose phosphate isomerase (EC 5.3.1.1), dihydroxyacetone phosphate and D-glyceraldehyde 3-phosphate ( Fig. 1) , and it is a competitive inhibitor of the enzyme activity (Johnson & Wolfenden, 1970) . The structural relationship is shown in the Fischer diagrams of Fig. 1 , which also shows the course of the enzyme-catalysed reaction, as suggested by Rose (1962) , and the structures of the proposed intermediate transition states.
The three-dimensional structure of D-glycerol 3-phosphate has been studied by X-ray crystallography as part of a programme to study analogues of these substrates and reaction intermediates, and the substrates themselves, when these can be crystallized, with a view to providing precise stereochemical data for use in elucidating details of the catalytic mechanism. When current crystallographic studies of the enzyme (Banner et al., 1971) are more advanced the structures of these individual molecules will be compared in detail with those seen in complexes involving the enzyme.
Results and Discussion
A molecule of D-glycerol 3-phosphate is shown in Fig. 2 , and a list ofthe bond lengths and angles for this structure is given in Table 1 . Throughout this paper the use of '±' indicates one estimated standard deviation.
Since 1960 there has been considerable interest in organic phosphate structures; the phosphate groups Vol. 130 of some of these are compared in Table 2 . In glycerol 3-phosphate the bond lengths from the phosphorus to the terminal oxygen atoms are in good agreement with the previous structures, whereas the ester bond is one of the longest yet noted, being 0.1637nm. In common with other structures one of the terminal oxygen atoms makes an O-P-O angle with the ester bond oxygen of significantly less than the tetrahedral angle.
Several structures have also been published which contain glycerol moieties. These are compared with the present structure in Table 3 . The oxygen-carbon bond lengths on the glycerol section are all equal to the accepted value of 0.143nm (Kennard, 1962) to within one estimated standard deviation and 0-1 forms the normally high bond angle between P and C-3, in this case 121.9°. In the preliminary publication of this work (Fenn & Marshall, 1971 ) the C-C bonds were quoted as 0.152nm, but further refinement has decreased these to 0.1495±0.0015nm and 0.1510± 0.0015nm. This may seem short compared with the normally accepted value of 0.1541nm (Kennard, 1962) but Lide (1962) has suggested that the C-C bond when both carbon atoms have sp3-type bonding is 0.1526±0.0002nm. This seems to be confirmed by the structures listed in Table 3 and so, since the present bonds are within two estimated standard deviations of this value, they are not considered to be significantly short.
With the nomenclature of Bastiansen (1949) the basic configuration of the glycerol moiety can be described as ay, which is the second lowest energy state as shown in Table 4 (Koningsveld, 1968) stagger along the present C-2-C-3 bond is not perfect (Fig. 3) , probably because of the intramolecular hydrogen bond between 0-4 and 0-5. This bond is possible because of the abnormal configuration ofthe bonds C-2-C-3 ... 0-1-P as shown in Fig. 3 Table 5 . It was determined by considering the bond lengths and angles between neighbouring oxygen atoms. It may be noted that all oxygen atoms, except 0-1, are involved in four relations with other atoms, i.e. hydrogen bonds, sodium co-ordination or covalent bonds. The exception is only involved in three relations. Apart from the hydrogen atoms associated with the molecule only one peak was found in the final difference map which could represent a hydrogen atom along any of the probable hydrogen bonds. It was considered that no significance could be attached to this peak, which was one of many found in the difference electron-density map with a height barely above background. The sodium co-ordination also helps to bind the crystal together and is shown in Fig. 5 and listed in Table 5 . All three sodium atoms are six co-ordinated, but the approximation to octahedral is better for Na-I and Na-2, which are situated on symmetry elements.
From a study ofother inhibitors oftriose phosphate isomerase it may be possible to ascertain if these have any similar stereochemical features, especially in the region of C-2, and also to find if the hydroxyl group associated with C-2 has any constraints on its position as in the present material. Vol. 130 Density measurement was by the flotation method and the cell parameters were measured by applying the method of least squares to six reflexions whose reflexion angles were measured on a Stbe four-circle diffractometer.
Experimental DL-Glycerol 3-phosphate was obtained from Sigma (London) Chemical Co. Ltd., London S.W.6, U.K.; it was originally recrystallized from an aqueous solution containing alcohol, but this resulted in poorquality crystals with ill-defined faces. Superiorquality crystals were produced when the aqueous solution was placed in a small sample tube which had a restricted orifice of approx. 3mm3. The tube was immersed in alcohol, which was allowed to diffuse into the solution over a period of several weeks. These crystals took the shape of truncated trapeziums with the crystal axes bisecting the apices and having approximately equal dimensions of 0.3 mm.
These crystals were investigated by using standard X-ray-diffraction techniques. Seven layers of data containing 1700 unique non-zero reflexions were recorded by the equi-inclination Weissenberg method by using one pack of films per layer. Systematically Table 5 . Sodium co-ordination andprobable hydrogen-bonding scheme
The oxygen and sodium numbering scheme is given in Fig. 2 and Fig. 4 . (Wilson, 1942) . A Patterson map failed to show any conclusive evidence of the phosphorus position and use of the minimum function was equally unsuccessful. Data sharpened by the Wunderlich equation (Wunderlich, 1965) enabled a Patterson map to be produced in which one peak predominated. By comparison with other parts of the map it was possible to fit the phosphate around this position and all other phosphorusphosphorus vectors that would be expected if the space group were C2/c. The space-group ambiguity was thus resolved. By using the positions of the phosphate groups, structure factors and an electrondensity Fourier map were calculated and a large portion of the remainder of the molecule was found. Subsequent electron-density maps combined with least-squares refinement ofthe positional co-ordinates and isotropic temperature parameters showed the remainder of the molecule and six water oxygen positions. Refinement with anisotropic thermal parameters coupled with a weighting scheme which reflected the accuracy of the original data, and refinement ofthe scales ofthe seven layers ofdata, decreased the residual R value [=(ZI Fobs.
Fca1c. )/I IFobs. I ] to 12j%. A difference map showed the position of most of the hydrogen atoms bonded to the molecule, but since the background 'noise' was up to 500 electrons/nm3 it was not possible to find the remaining hydrogen atoms. The fractional atomic co-ordinates and thermal parameters are shown in Tables 6 and 7 -0 E E'~*OOO 6OOOQOOZZOOOOOO
Vol. 130 Table 7 . Fractional co-ordinates for some hydrogen atoms in disodium DL-glycerol 3-phosphate hexahydrate x, y and z are the three-dimensional co-ordinates of the atoms referred to the axes of the unit-cell. These atoms were refined isotropically with the isotropic temperature-factor set at 0.03nm2. 
